Improper acetabular component orientation negatively affects the outcome of total hip arthroplasty through increasing dislocation rates, component impingement, bearing surface wear, and the number of revision surgeries. Leg length, hip biomechanics, pelvic osteolysis, and acetabular component migration are also affected by malposition. With conventional techniques, numerous variables, such as patient size, deformity and/or position, and decreased visualization, contribute to inter-and intrasurgeon acetabular component variability during surgery regardless of surgeon experience and practice volume. New acetabular component implantation techniques, such as patient-specific morphology, that incorporate anatomic landmarks may provide more accurate and individualized target zones. These techniques, coupled with the use of quantitative technology such as computer-aided navigation, may improve the precision of acetabular component placement.
S
everal critical factors may lead to improper acetabular component placement in total hip arthroplasty (THA). These include poor visualization of the acetabulum and surrounding anatomy, increased patient body mass index, inaccuracies of external mechanical guides, and inability to consistently obtain and maintain precise patient positioning throughout the procedure. 1 Each of these factors, subtly when singular or significantly when in combination, can negatively affect acetabular positioning.
Impact of Poor Acetabular Component Orientation
Acetabular component orientation, defined by abduction and anteversion angles, can influence both shortand long-term outcomes of THA. 2 Improper acetabular orientation is one of several factors that have been shown to contribute to increased dislocation rates, limb-length discrepancy, altered hip biomechanics, component impingement, bearing surface wear, pelvic osteolysis, and revisions in the long-term. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The safe zone for orientation, as defined by Lewinnek et al, 13 is 15°± 10°of anteversion and 40°± 10°of lateral opening. This standard has been in use for more than three decades. 14 However, even when the acetabular components are placed in the safe zone, dislocations are reported. 5, 15 Data from the US Medicare program have demonstrated dislocation rates during the first 6 months after THA to be 3.9% for primary procedures and 14.4% for revision procedures. 16 With the emergence of alternative bearing surfaces, such as metal-on-metal, ceramic-on-ceramic, and highly Joseph T. Moskal, MD Susan G. Capps, PhD cross-linked polyethylene, the use of larger femoral heads has increased and has had the positive effect of lowering dislocation rates by increasing the head-neck ratio, decreasing component impingement, increasing range of motion to impingement, and increasing the jump distance in those instances when component impingement does occur. 17, 18 However, larger heads are not a substitute for proper component placement and precise orientation; inaccurate component position may be associated with alteration in soft-tissue tension and hip biomechanics, leading to abnormal gait, trochanteric bursitis, and increased discomfort with ambulation. No THA bearing coupling is highly tolerant of variation in component position, specifically, excessive lateral opening and anteversion. Therefore, survivorship and complications have been shown to be directly related to component positioning during THA. 8, 11 Kurtz et al 19 forecast that the number of primary and revision hip arthroplasties will significantly increase over the next two decades. Demand is expected to be 570,000 primary and 97,000 revision THA procedures performed by 2030. 19 In a recent study of >50,000 THA revisions, the most common cause of revision THA was instability/ dislocation (22.5%), and the average cost per revision was in excess of $54,000. 20 The hope is that improvement in acetabular component orientation will lead to fewer complications and fewer revision surgeries after primary THA, which will improve outcomes and reduce healthcare costs.
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Methods of Evaluating Acetabular Component Orientation
It may be difficult even for experienced and large-volume arthroplasty surgeons to consistently attain correct acetabular component orientation using conventional methods with external alignment guides or freehand methods 1, [32] [33] [34] [35] (Table 1) . Variability in acetabular component orientation has been reported to have both an intersurgeon component (ie, variations between different surgeons) and an intrasurgeon component (variations within a single surgeon's day-to-day experience). 36 The use of preoperative templating, based on radiographs and/or CT scans, combined with intraoperative measurements, is subject to inconsistencies and may be time-consuming; in addition, patient position during preoperative imaging may introduce errors in templating calculations. 14, 37, 38 Numerous factors can adversely affect acetabular component orientation, some within the surgeon's control and some not 1 ( Table 2) . Current methods for intraoperative acetabular component orientation evaluation include imaging with plain radiographs and fluoroscopy and the use of intraoperative anatomic evaluation [39] [40] [41] (Table 3) . Evolving surgical techniques can be used to evaluate patient anatomy to facilitate more individualized component placement. Anatomic landmarks and the combination of patient-specific morphology (PSM) with computer-assisted navigation (CAN) may improve acetabular cup orientation along with achievement of restoration of leg length and femoral offset of more physiologic hip biomechanics.
Anatomic Landmarks
At present, the three options in the consideration of anatomic landmarks as guides for acetabular component placement are bony, softtissue, and a combination of the two.
McCollum and Gray 14 suggested a technique using bony landmarks to assist in cup positioning when the patient is placed in the lateral recumbent position for THA; their goal was to place the acetabular component in 20°of flexion (later revised to 30°) ( Figure 1 ). These authors defined the sciatic notch and the anterior superior spine using preoperative standing lateral radiographs, with the X-ray tube centered over used three bony landmarks (ie, lowest point of the acetabular sulcus of the ischium, prominence of the superior pubic ramus, most superior point of acetabular rim) to define a plane for acetabular positioning in conjunction with preoperative templating ( Figure 2 ). Maruyama et al 42 proposed using the acetabular notch angle to provide an accurate estimate of acetabular anteversion. The acetabular notch angle is defined as the angle created at the intersection of a line from the sciatic notch along the posterior acetabular ridge and a line from the posterior to the anterior acetabular wall. 42 This angle is nearly perpendicular and may provide an accurate estimate of acetabular anteversion during cup placement; thus, intrasurgeon acetabular placement may be improved 42 ( Figure 3 ). The acetabular notch angle technique is most compatible with a posterolateral surgical approach, in which the patient is in the lateral decubitus position and the surgeon is on the anterior or abdominal side of the patient. This research group reported a dislo- cation rate of 0.34% for 631 consecutive cases using this method. 43 Austin and Rothman 44 have reported on a technique combining supine position with an anterolateral approach to the hip. The main advantage of this technique is a reduced dislocation rate. The potential disadvantage of this technique is an increased incidence of abductor dysfunction and limp, although this was not the authors' experience. For the supine approach, the operating room table is elevated to the surgeon's eye level and is fully parallel to the floor. The acetabulum is templated preoperatively with the planned position of 40°of inclination, with the inferomedial edge of the cup at the inferior margin of the acetabular notch, and the superolateral edge of the cup at the outer rim of the native acetabulum. 44 After adequate exposure, the labrum and the transverse acetabular ligament (TAL) are circumferentially excised and osteophytes are resected. The intraoperative reference points for acetabular orientation in the supine position are the pelvis, the operating room table, and the floor. The pelvic plane is established through palpation of the anterosuperior iliac spine and the pubic symphysis, and the position of the acetabular component is corrected if necessary. 44 Potential drawbacks to using bony landmarks include difficulty in locating certain features in diseased hips that have bony remodeling and osteophyte formation, and distortion secondary to trauma or dysplasia.
Illustration of cup positioning for hip arthroplasty. A, With the incision open, one finger is placed in the sciatic notch and one is placed on the anterior superior spine. When this line measures 20°from the horizontal on the standing preoperative lateral radiograph, the other line is drawn in 10°more flexion to place the cup at 30°flexion. This line is drawn on the drapes with methylene blue. B, The acetabulum is reamed with the shaft of the reamer oriented perpendicular to this line, and the cup is placed at 30°flexion to the horizontal in the standing position. C, The McKee cup positioner is used with the short handle in the upright position to place the cup at 30°to 40°of abduction. The long handle is perpendicular to the line on the drapes, and the short handle is parallel. After the prosthesis is inserted, stability is tested with the hip in full extension and external rotation (D) and in full flexion and internal rotation (E) to determine that there is no impingement. Patient-specific Morphology in THA PSM refers to the practice of allowing the form and structure of the patient's hip joint and the bony and soft-tissue anatomy to guide surgical reconstruction and component placement. This may be difficult in some hips because of anatomic changes associated with dysplasia, a retroverted acetabulum, or trauma. Using PSM for acetabular component placement is only now coming into use in the United States. PSM does not rely on averages; its specificity allows the surgeon to match the patient's individual acetabular component orientation.
There are four different PSM methods to guide placement of the acetabular component, and they are described by the anatomic landmark they employ. The landmarks are the sciatic notch Archbold et al 3 proposed using the TAL and the acetabular labrum without CAN to guide placement of the acetabular component. This method may be used with all surgical approaches regardless of patient positioning, and it eliminates the need for external guides. 3 The technique can be separated into four basic steps: (1) obtain full exposure of the acetabulum; (2) visualize the TAL, carefully removing osteophytes if necessary; (3) control version by keeping the reamer face parallel to and encircled by the TAL; and (4) control inclination by orienting the acetabular reamer flush with the residual labrum. Archbold et al 3 reported a dislocation rate of 0.6% in 1,000 consecutive THAs using the TAL as a landmark, despite using a posterolateral surgical approach, neutral acetabular liners, and 28-mm femoral heads, all of which may be associated with higher dislocation rates. Using the TAL as a soft-tissue landmark helps achieve successful controlled acetabular component depth, height, and version (Figures 4  and 5) .
Once the TAL and the labrum are identified, they are used as a guide for acetabular reaming. To restore anatomy, the TAL should embrace the final acetabular reamer and thereby the acetabular component. If there is a gap between the ligament and the reamer, the component will sit too high (Figure 4, A) . If the reamer is hemispherical, its inferior edge should sit just inside the TAL, acting as a control for both height and depth (Figure 4, B) . When bone loss is present, cementless acetabular 
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Improving the Accuracy of Acetabular Component Orientation: Avoiding Malposition cups must be placed deep to the ligament; thus, offset liners are needed to restore depth so that the face of the liner sits almost flush with the caudal edge of the TAL (Figure 4, C) . If the face of the reamer, and subsequently the acetabular component, is kept parallel to the TAL, the most natural version for that specific patient is achieved (Figure 4, B) . However, although the TAL is a reliable landmark for acetabular placement, Archbold et al 3 acknowledge that use of the TAL may not be applicable in the patient with a significant acetabular structural abnormality, as in severe dysplasia or following a pelvic fracture. Among the advantages to using the TAL and the acetabular labrum are that the TAL helps to determine anteversion and that it is identifiable in nearly all primary THAs. The technique itself is easy to reproduce, is usable in either conventional or minimally invasive approaches, is independent of patient positioning, and results in low rates of dislocation at 8-month follow-up (0.6%). 
Computer-assisted Navigation
Computer-assisted navigation (CAN) in orthopaedic surgery takes a variety of forms, but the critical concept is to provide real-time information on the relative position and orientation between but the patient's pelvis and femur and the surgical instruments. 45 The term "computerassisted navigation" can have many meanings, such as computer-assisted surgery (CAS), image-based navigation, imageless navigation, or active system (ie, robotic surgery actually performing the bony preparation). These are not always synonymous, although each can be helpful in achieving accurate acetabular component placement.
The three basic categories of CAN are three-dimensional imaging systems using preoperative CT images, fluoroscopic imaging systems that are usually made up of two or more intraoperative images, and imagefree systems that rely on intraoperative landmarks and kinematic information. 45 CAN might refer to a system that uses cameras, markers, real-time imaging, and software to tell the surgeon when the acetabular cup is properly oriented to the pelvis and to the femoral component. Image-based surgical navigation requires preoperative CT imaging and a detailed preoperative planning phase for determining and executing accurate acetabular cup placement. Intraoperative fluoroscopy is used to identify bony landmarks and, thus, help with component positioning during surgery. Both CT and fluoroscopy involve exposure to some level of radiation, and the time for planning and execution varies. Image-free or imageless navigation often triangulates the location of infrared emitters rigidly fastened to bone and surgical instruments, thus plotting outlines and clouds of points. These are combined with computer software to assist the surgeon in component placement. Three steps are common to all CAN/CAS techniques: (1) insertion of the pelvic pins and registration of the frontal pelvic plane; (2) placement of the patient in a position so as to perform the procedure; and (3) reprepping the patient, inserting the femoral pins, and registering femoral landmarks.
CAN has been shown to increase the accuracy of component placement by reducing intrasurgeon deviation; it has the potential to help create a THA with more physiologic biomechanical function. 33, 46 With CAN, the surgeon determines the appropriate anteversion for each patient, and the software enables precise component placement and calculation of resulting leg length and offset.
CAN may also facilitate smallincision surgery by compensating for the lesser visibility of smaller incisions. In addition, increased patient weight and body mass index can adversely affect visualization during THA. Performing THA under these conditions may increase the risks of component malpositioning. However, CAN has the potential to improve visualization and decreases the impact of those constraints. Recent studies demonstrate an advantage with CAN by directly comparing THA navigation methods done with CAN with THA performed without navigation (N-CAN) . 9, 32, 33, 47 Murphy et al 47 assessed the accuracy of cup position and leg length using CAN. In 462 THAs using CAN-more than 80% with minimally invasive techniques-97.2% were within the safe zone of acetabular component placement, 13 and changes in leg length were not significant. There were no vascular injuries, no cases of broken hardware, and no cases of deep infection requiring surgical intervention or intravenous antibiotics. 47 The observed dislocation rate was 0.2%. The investigators concluded that surgical navigation reliably controls both acetabular component positioning and change in leg length, even with smaller incisions. Further evaluation of CAN and leg length by Murphy and Ecker 9 found no difference between radiographic data and navigation data; leg length change was easily and reliably measured using surgical navigation. examined the variability of acetabular component placement by comparing abduction angles in three groups of patients (n = 50 in each): group 1 used freehand cup placement, group 2 used CT-based navigation for preoperative planning and intraoperative cup placement, and group 3 used freehand cup placement after gaining experience with navigation. Variability in acetabular component placement was significantly lower in groups 2 and 3 than in group 1 (P < 0.001). The difference in variability was not significant when groups 2 and 3 were compared. The authors think that one of the most important outcomes of using navigation was the avoidance of outliers-ie, acetabular components placed in extreme positions. The dislocation rate was not reported. Although the rates of component malposition as demonstrated by Parratte and Argenson 10 and Kalteis et al 32 seem high, regardless whether CAN was employed, the rates were lower when CAN was used, and variability was decreased with CAN in these studies. 33 Many of the pitfalls of current CAS/CAN techniques relate to maintaining line of sight for the camera during surgery, registration process, and pin placement (Table 5 ). In addition to the extra time and expense associated with the technique, there may be increased risks of bony fracture secondary to stress risers, infection, and soft-tissue injury.
Combined Approach
The concepts of PSM and CAN are now being combined in efforts to further improve acetabular component orientation and maximize range of motion as well as in hopes of reducing postoperative dislocation, limb-length discrepancy, hip impingement, and revision surgery. The ideal combination of PSM and CAN is still being developed (Figure 6) .
The TAL technique concept appears to be compatible with current CAN technology regardless of surgical approach. The method coupling soft-tissue PSM and CAN has the potential to be both reliable and accurate. This technique may avoid the drawbacks associated with using fixed bony landmark methods to guide component placement. Difficulties in precisely locating bony landmarks (eg, in large or obese patients), and errors in acetabular socket placement because of thick anterior pelvic soft tissue, may be reduced. In addition, by combining PSM and CAN, it is no longer necessary to create puncture wounds to obtain and ensure proper bony contact during the registration process or to move, or "flip," the patient from the supine position after defining the anterior pelvic plane to the lateral decubitus position. 12, 48, 49 Recently, Kelley and Swank 49 used PSM, as defined by the anatomy of the combination of the TAL and the acetabular labrum plus CAN, in a retrospective review of 87 patients undergoing primary THA. Plain radiographic evaluation revealed that 71% of cups were within the anteversion safe zone and 82% were within the abduction safe zone. Unfortunately, these hips were not studied with postoperative CT scans.
Summary
Although THA is generally a successful procedure, dislocation remains a problem. More accurate and precise acetabular component placement may not only reduce dislocations but also may improve hip biomechanics and function. In addition, improved component position may decrease impingement and wear as well as limb-length discrepancy, which can lead to better function and enhanced survivorship.
Although THA has become one of the most common and successful orthopaedic procedures, results continue to vary with inter-and intrasurgeon differences. Given the diversity in overall size, shape, and structure of patients' body habitus, differences in normal acetabular anatomy should not be unexpected, nor should it be assumed that placing the acetabular component into an average position is ideal for every patient. Coupling anatomic landmarks, bony and/or soft-tissue, with CAN or CAS may allow the surgeon to decrease variability and more consistently implant THA components based on the patient's individualized requirements rather than relying on traditional, generic values for component orientation. Patient-specific target zones, rather than the generic safe zone, coupled with the use of quantitative technology such as CAN, may be more precise than conventional techniques and instrumentation. The advantage of combining PSM with CAN is that it provides the surgeon with real-time feedback during acetabular reaming and acetabular cup insertion.
At present, the cost of CAN equipment, increases in operating time, and technical problems related to loosening of line-of-sight issues with pin arrays are obstacles to using CAN. The cost of equipment and the operating times can be expected to decrease as the technology improves and surgeon experience increases. Disruptions to line of sight and loosening of pin arrays will also require further technological advancements. The goal is to place the acetabular component on the optimal orientation for each patient.
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